We have examined the extent of brain tubulin heterogeneity in six vertebrate species commonly used in tubulin research (rat, calf, pig, chicken, human, and lamb) using isoelectric focusing, two-dimensional electrophoresis, and peptide mapping procedures that provide higher resolution than previously available. The extent of heterogeneity is extremely similar in all of these organisms, as judged by number, range of isoelectric points, and distribution of the isotubulins. A minimum of 6 a and 12 f3 tubulins was resolved from all sources. Even the pattern of spots on two-dimensional peptide maps is remarkably similar. These similarities suggest that the populations of tubulin in all of these brains should have similar overall physical properties. It is particularly interesting that chicken, which has only four or five 8-tubulin genes, contains approximately 12 P tubulins. Thus, post-translational modification must generate at least some of the tubulin heterogeneity. Mammalian species, which contain 15-20 tubulin DNA sequences, do not show any more tubulin protein heterogeneity than does chicken. This suggests that expression of only a small number of the mammalian genes may be required to generate the observed tubulin heterogeneity.
tion than previously available. The extent of heterogeneity is extremely similar in all of these organisms, as judged by number, range of isoelectric points, and distribution of the isotubulins. A minimum of 6 a and 12 f3 tubulins was resolved from all sources. Even the pattern of spots on two-dimensional peptide maps is remarkably similar. These similarities suggest that the populations of tubulin in all of these brains should have similar overall physical properties. It is particularly interesting that chicken, which has only four or five 8-tubulin genes, contains approximately 12 P tubulins. Thus, post-translational modification must generate at least some of the tubulin heterogeneity. Mammalian species, which contain 15-20 tubulin DNA sequences, do not show any more tubulin protein heterogeneity than does chicken. This suggests that expression of only a small number of the mammalian genes may be required to generate the observed tubulin heterogeneity.
Microtubules are protein filaments composed principally of a-and f-tubulin subunits. They are involved in a variety of cellular functions including mitosis, maintenance of cell shape, cell motility, intracellular transport, and secretion (1). It has long been thought that these diverse functions are not all performed by microtubules assembled from a homogeneous pool of identical tubulin subunits (2) . Indeed, there is now compelling evidence from electrophoresis (3, 4) , chromatography (5, 6) , isoelectric focusing (7) (8) (9) (10) (11) (12) (13) (14) (15) , protein sequencing (16, 17) , and DNA sequencing (18) (19) (20) that a-and f-tubulin subunits are actually populations of heterogeneous proteins.
The nature, extent, and significance of tubulin heterogeneity are not fully understood. Substantial progress has been made in determining the nature of the heterogeneity: multiple, nonidentical tubulin genes have been identified in all the higher eukaryotes that have been examined and in several, possibly all, cases more than one gene is expressed (see ref.
21 for a recent review). This implies that different gene products probably account for some of the heterogeneity. Posttranslational modification may account for the remaining heterogeneity: detyrosylation (22) , aminoacylation (23) , phosphorylation (24) , glycosylation (25, 26) , and acetate-metabolite addition (27) have been reported, although it is not known whether these modifications occur in all organisms. The functional significance of the heterogeneity has been more difficult to determine. Many observations suggest a correlation between tubulin differences and particular functions: expression of tubulin genes is tissue dependent (28) (29) (30) (31) (32) (33) ; the occurrence and distribution of tubulin proteins is tissue specific (34) (35) (36) (37) (38) (39) ; specific tubulins are associated with distinct tubulin populations or structures (40) (41) (42) (43) (44) (45) ; isotubulin composition changes during development (8, 9, 11, 38, (46) (47) (48) (49) ; and tubulin isolated from different sources displays different polymerization characteristics (50, 51) .
The extent of tubulin heterogeneity in different organisms has not been directly compared. Tubulin from individual sources has been resolved by isoelectric focusing but the resolution obtained in different laboratories varies greatly. As a prelude to determining the contribution of post-translational modification and differential gene expression to tubulin heterogeneity and to evaluating the differences in physical, immunological, and pharmacological properties of tubulin from different sources, it is necessary to characterize the population of tubulin proteins. In the present work, we have developed high-resolution isoelectric focusing, two-dimensional electrophoresis, and peptide mapping procedures and used them to directly examine the extent of heterogeneity of tubulin isolated from brains of six vertebrate species commonly used in tubulin research.
MATERIALS AND METHODS
Preparation of Tubulin. Tubulin was purified using the modified Weisenberg procedure (52) from brains of the following animals (ages are included in parentheses): calf (3-4 mo), rat (4 mo), lamb (4-7 mo), chicken (2 mo), and pig (6-8 mo) . Human brain tubulin (43- (14) .
Gel Electrophoresis and Isoelectric Focusing. Electrophoresis on 4-12% polyacrylamide gels containing 6 M urea and 0.1% NaDodSO4 was carried out as described (14) .
Isoelectric focusing gels (165 x 120 x 0.7 mm) containing 4% (wt/vol) acrylamide and 0.1% bisacrylamide, LKB Ampholines (1.73% pH 4-6, 0.27% pH 5-7), 2% Nonidet P-40, and 9.16 M urea were cast on polyester support film (GelBond, FMC Corporation, Rockland, ME) to facilitate subsequent handling. Gels were overlayed with 2-butanol, wrapped in plastic film, stored at room temperature overnight, and used the following day. Twenty microliters of sample buffer (9.16 M urea/2% Ampholine, pH 4-6/5% 2-mercaptoethanol/2% Nonidet P-40) was placed in each well and gels were prefocused at 16°C for 30 min at 8 W (constant power) using an LKB Ultrophor apparatus. The anolyte was 0.05 M H3PO4, the catholyte was 0.05 M NaOH. Protein samples (10-20 ,ul, 3-10 mg/ml) in sample buffer were loaded into the wells and focused for 5.5 hr at 8 W. Gels were then immersed in 5% (wt/vol) trichloroacetic acid for at least 1 hr with agitation, washed with 5% acetic acid for at least 2 hr, and stained with Coomassie brilliant blue G-250 or ammoniacal silver (54). *Present address: Department of Botany, University of Toronto, Toronto, ON M5A lA1, Canada. tTo whom reprint requests should be addressed. 4041 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Two-dimensional gel electophoresis under denaturing conditions was carried out using modifications of the procedure of O'Farrell (55) . The first dimension consisted of isoelectric focusing in tube gels (2.5 x 165 mm) using the gel solution and sample buffer described for slabs (above). The gels were prefocused as described (14) . Samples (10-30 pkl, 3-10 mg of protein/ml) were layered onto the gels and focused at 600 V for 36 hr and then at 1000 V for 30 min. Gels were then equilibrated for only 3 min with gentle agitation in NaDodSO4 sample buffer [10% (vol/vol) glycerol/5% (vol/vol) 2-mercaptoethanol/2.3% NaDodSO4/62.5 mM Tris HCl, pH 6.8] and attached to the second dimension with 1% agarose in NaDodSO4 sample buffer. Electrophoresis in the second dimension was carried out using the NaDodSO4/urea/polyacrylamide gradient gel described in ref. 14, except that the gel thickness was 0.7 mm and the height of the stacking gel was 10 mm. Gels were fixed with 5% (wt/vol) trichloroacetic acid for at least 1 hr and stained with Coomassie brilliant blue G-250 or silver (54) .
Densitometric scanning was carried out using an LKB 2202 Ultroscan laser densitometer equipped with an LKB 2220 recording integrator.
Peptide Mapping. Tubulin was dissolved in 70% formic acid and cleaved with CNBr (50-fold molar excess relative to methionine content) for 24 hr (56), diluted 1:4 to 1:5 with water, and lyophilized. Isoelectric focusing of the peptides was carried out as described (57) Electrophoresis of peptides in 10-18% polyacrylamide gradient gels containing NaDodSO4 and urea was carried out as described (58) . This gel was also used as the second dimension for two-dimensional peptide mapping. For two-dimensional peptide mapping, strips of the stained peptide isoelectric focusing gel (above) were equilibrated for 3 min with 5% 2-mercaptoethanol/62.5 mM Tris HCl, pH 6.8/2.3% NaDodSO4/5% glycerol and attached to the second dimension gel using 1% agarose in the same buffer. RESULTS Previous analyses of tubulin by isoelectric focusing indicate that tubulin is a heterogeneous protein composed of a mixture of so-called isotubulins (7) (8) (9) (10) (11) (12) (13) (14) (15) . Evidence has been presented that this heterogeneity is not an artifact of electrophoretic conditions (14) nor is it affected by inclusion of protease inhibitors during tubulin isolation (8) . To further investigate whether any of the heterogeneity is generated during preparation and to determine whether any differences may have been overlooked using the previous lower resolution procedures, aliquots of total soluble calf brain protein were incubated for 6 or 24 hr or for 10 days to allow any hypothetical activities, including proteolysis, to modify the tubulins. In addition, one aliquot was prepared in the presence of several protease inhibitors. The samples were then analyzed by isoelectric focusing and densitometric scanning.
The results show that the isoelectric focusing patterns are very similar and give no indication of time-dependent changes in the relative amounts of any of the protein bands focusing in the region of the isotubulins (Fig. 1) . This strongly suggests that the observed heterogeneity of tubulin is not produced by modification of the tubulin under the conditions used for purification.
As a first step in examining the extent of heterogeneity, tubulin was purified from brains of the six vertebrate species commonly used in tubulin research. Fig. 2 (14) using gels containing a 4-12% gradient of polyacrylamide, 6 M urea, and 0.1% NaDodSO4.
The gel was stained with Coomassie blue. of the gels suggests that these bands are composed of two, and in some cases three, nearly comigrating proteins (this is particularly evident in Fig. 1, lane E) Fig. 4 shows two-dimensional gels of total tubulin. This allows the isotubulins resolved by isoelectric focusing (Fig.  3) to be identified as a or p subunits, although the resolution of adjacent isotubulins is decreased as a result of diffusion during second-dimension electrophoresis. The two-dimensional gels show that the ranges of apparent isoelectric points of a and isotubulins overlap. Thus, there are 2-4 bands near the middle of the one-dimensional isoelectric focusing pattern that are actually a composite of a and tubulins. Since we can clearly resolve 15-17 bands by one-dimensional isoelectric focusing (Fig. 3) and 2-4 of these bands contain at least one a and one 8 isotubulin (Fig. 4) , this suggests that a minimum of 17-21 isotubulins are present. By aligning the isoelectric focusing pattern in Fig. 3 (where individual bands are clearly resolved) with the pattern of spots in Fig. 4 (Fig. 4 A-C, E, F) , there are two to three subpopulations with different apparent molecular weights, each composed of isotubulins with different isoelectric points. These subpopulations were not as clearly distinguishable in chicken tubulin, although the number of tubulins is similar to that in mammals.
To examine the heterogeneity at an even more sensitive level, total tubulin was cleaved with cyanogen bromide and the resulting peptides were separated by either isoelectric focusing (Fig. 5A) or electrophoresis on 10-18% polyacrylamide gels in the presence of NaDodSO4 and urea (Fig. 5B) . The two procedures yield very similar peptide patterns from all of the sources examined. However, the number of peptides resolved by either technique is smaller than expected from predictions based on (i) the minimum number of CNBr peptides, calculated from protein and DNA sequence data (16-19, 59, 60) , that would be large enough to detect by these procedures (57, 58) and (ii) the large number of distinguishable isotubulins (Figs. 3 and 4) , each of which must differ in at least one peptide. This and the differences in staining intensities of individual bands suggested that many of the bands resolved by either of the one-dimensional procedures contained more than one peptide. To address this possibility, a two-dimensional peptide mapping technique was developed by combining the two procedures in Fig. 5. Fig. 6 shows that these two-dimensional peptide maps do indeed resolve many comigrating peptides. Remarkably, the patterns of major spots appear very similar in all species, although each map shows differences in minor spots. This similarity suggests that the populations of tubulin proteins in all of these organisms should have similar physical properties.
The most striking feature of these two-dimensional peptide maps is that they further resolve those bands appearing heaviest on one-dimensional NaDodSO4/urea peptide maps into evenly spaced strings of several (two to five) peptides with the same apparent molecular weight but different isoelectric points. In many cases this arrangement is repeated in a second string of identically charged peptides all migrating slightly faster in the second dimension, resulting in the appearance of "doublets." Each string of spots may represent homologous peptides encoded by separate genes or differential post-translational modification of individual gene products. Proc. Natl. Acad. Sci. USA 81 (1984) ed. Inclusion of protease inhibitors did not decrease the heterogeneity. Experiments in other laboratories have not detected any tubulin-modifying activity in rat brain homogenate (8) . However, we cannot strictly rule out the possibility of modification in the period between the death of the animal and the start of purification.
(ii) Isolation of calf brain tubulin using classical biochemical techniques or employing functional properties-i.e., polymerization-yields proteins with indistinguishable isoelectric focusing patterns (14) . (iii) The isoelectric focusing procedure does not appear to produce artifactual heterogeneity (14) . In addition, these same highresolution techniques identified different isotubulin distributions in other sources: fewer isotubulins are present in neonate brains than in adults, and the relative amounts of isotubulins in non-neuronal tissues are very different from those in brain (unpublished work). These findings are generally consistent with previous results using other techniques (8, 11, 46, 49) . Using this high-resolution gel system, we found that both chicken and mammalian brain ( tubulins resolve into approximately 12 isotubulins. However, only four or five 83tu-bulin genes are thought to exist in chicken and there is no indication that alternative RNA splicing contributes to additional heterogeneity (28) . This implies that at least some of these P isotubulins are formed by modification of the pri- 
